The dynamics of the CN --ligated ferric cytochrome c (CytcCN) in D2O at 283 K following Q-band photoexcitation at 575 nm was observed using femtosecond time-resolved vibrational spectroscopy. The equilibrium vibrational spectrum of the CN stretching mode of CytcCN shows two overlapping bands: one main band (82%) at 2122 cm
Introduction
Detailed knowledge of the dynamical and structural properties of proteins is essential to a full understanding of protein function. Heme proteins, such as hemoglobin (Hb), myoglobin (Mb), and cytochrome c (Cytc) have been served as model systems in studying protein dynamics and structure. [1] [2] [3] [4] The binding of a small ligand to heme proteins has been greatly studied in order to understand the relationships between protein structure, dynamics, and function. 2, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, the rebinding dynamics of a number of neutral diatomic molecules, such as CO, NO, or O 2 to ferrous heme or heme proteins has been widely investigated both experimentally and theoretically. By contrast, only a few experiments have been carried out on the rebinding dynamics of ionic molecules to heme proteins. 15 
CN
-is an ionic ligand that binds strongly to ferric heme and heme proteins. [16] [17] [18] [19] [20] [21] Since a charged ligand can form a strong hydrogen bond, which can influence the spectroscopic and structural characteristics of the active site, CN -can serve as a good probe for the environments of the active site of a protein. [22] [23] [24] Since CN -is isoelectronic to CO with negative charge, its rebinding characteristics can be well compared with that of CO, the most studied ligand. Recently, the dynamics of photoexcited CN -bound ferric Mb (MbCN) was investigated after Soret band excitation at 405 nm using both time-resolved electronic spectroscopy and vibrational spectroscopy. 15 A transient absorption signal in the 360 -390 nm range showed ultrafast decay with a time constant of 3.6 ps. The transient vibrational spectra showed instantaneous bleaching of the CN stretch fundamental of MbCN and the appearance of a five-times weaker, red-shifted transient absorption band that decayed with a 3 -4 ps time constant. Two possible assignments were proposed for the new red-shifted absorption band: the CN fundamental in the electronically excited state of MbCN or the vibrationally excited state of CN in the ground electronic state of the heme. Assignment of the new absorption band to the vibrationally excited state of CN requires ultrafast vibrational relaxation time of less than 1 ps from the v = 1 state, which is populated by the rebinding of the dissociated ligand with a 3-4 ps time constant. For assignment of the new band to the CN fundamental in the electronically excited state of MbCN, the CN bond ought to be weakened in the electronically excited state to explain the red-shifted absorption. To be consistent with the five-times weaker absorption, the extinction coefficient of the new band is also lowered by an equal amount. More recently, using nonequilibrium molecular dynamics simulation, Meuwly and coworkers found that the vibrationally excited state of the CN stretching mode of MbCN relaxes on a time scale of hundreds of picoseconds, which enabled them to exclude the vibrationally excited state of CN in the ground electronic state of the heme as a candidate for assignment of the new absorption observed in time-resolved vibrational spectroscopy. 25 13 For ferric Cytc, the photoexcited state relaxes mainly by vibrational cooling in the ground electronic state of the heme. 13 However, CN -strongly binds to ferric Cytc and displaces the internal ligand Met80. 16, 17 Since there is a displaced Met80 and no distal histidine, the distal environment of CytcCN is quite different from that of Mb. Therefore, study of CytcCN will reveal the influence of the distal environment on heme photodynamics and ligand photodissociation.
Here we measured the dynamics of photoexcited CytcCN in D 2 O at 283 K using femtosecond vibrational spectroscopy. After Q-band excitation at 575 nm, bleaching of the CN fundamental and a 27 cm -1 red-shifted new absorption appear instantaneously. The dynamics of the bleach signal and the new absorption is similar to that in MbCN after Soret band excitation. The photodynamics of CytcCN after Q-band excitation is interpreted by comparing with that of MbCN.
Materials and Methods
The time-resolved vibrational spectrometer used here is described in detail elsewhere. 3, 9, 31 Two optical parametric amplifiers (OPA) were used to generate a pump pulse at 575 nm with 3 μJ of energy and a tunable mid-IR probe pulse. 32 The polarization of the probe pulse was set parallel or perpendicular to that the pump pulse to obtain the desired polarized absorbance spectra. The isotropic spectrum was also measured by setting the magic angle (54.7 o ) between the polarizations of two pulses. A spectral resolution of ca. 1.7 cm -1 /pixel at 2120 cm -1 was achieved using a 64-elements N 2 (l)-cooled HgCdTe array detector and a 320 mm monochromator with a 150 l/mm grating. The pump-induced absorbance change, ΔA was obtained by chopping the pump pulse to half the repetition frequency of the laser. High sensitivity in ΔA (less than 1 × 10 -4 rms) was routinely achieved by maintaining the excellent stability of the IR light source (< 0.5% rms). The instrument response function was typically 180 fs. A 20 mM CytcCN solution was prepared by dissolving horse heart cytochrome c (Sigma) in 0.2 M potassium phosphate buffer (pD 7.4) 33 and then adding a three-fold excess of KCN. The formation of CytcCN was confirmed by UV-vis and IR spectroscopy. The sample was loaded in a gastight 50-μm-path-length rotating sample cell with two 2-mm-thick CaF2 windows. The integrity and concentration of the sample were confirmed throughout the experiments using both UV-vis and IR spectroscopy. The sample cell was rotated fast enough to maintain a fresh volume of the sample for each photoexciting laser pulse during data collection. The temperature of the sample cell was maintained at 283 ± 1 K using a circulating bath connected to the sample cell block. Deuterated water (D2O) was used as the solvent to ensure the sample was transmitting sufficiently in the interested spectral region, 2050 -2200 cm -1 .
Results and Discussion
Figure 1(a) shows the equilibrium vibrational spectrum of the CN stretching mode of CytcCN in the deuterated phosphate buffer solution. The CN fundamental mode in CytcCN consists of two overlapping bands, which is well modeled by two Gaussian functions: one main band (82%) at 2122 cm -1 with a 23 ) 15 were observed in the IR absorption spectrum of our sample. E/hc (cm
0.2 mOD in Figure 1(b) , the smaller absorption consists of two absorption features: one immediately to the red of the CN fundamental and the other red-shifted by ca. 27 cm -1 . As has been done in MbCN, we labeled them 1 and 2, respectively (see Figure 1(b) ). , is approximately threetimes weaker than the bleach signal. Transient spectra also reveal a significant change in the offset, which arises from an evolving broad background. This has been attributed to crossphase modulation between overlapping pump and probe pulses as well as the spectral change of the solvent resulting from the thermal relaxation of the protein. The kinetics of the background offset (the constant term in the quadratic polynomial fitting the background), plotted in Figure 2 , is well described by a biexponential function, 0.66 exp(-t/0.3 ps) + 0.34 exp(-t/13 ps). The fast decay (0.3 ps) is related to the instrument response function and the slow decay is related to the time for the transfer of thermal energy from the protein to the solvent. A thermal transfer time of 13 ps is consistent with the reported time of 5 -10 ps in MbCN. 15 The transient spectra shown in Figure 1 (b) are difference spectra, ΔA = A p -A u , where A p and A u are the absorbances of the sample after and before the photoexcitation, respectively. The spectra have contributions from both excited-state absorption and ground-state bleach signal. Whereas the excited-state absorbance is positive and may evolve with time, the negative ground-state bleach signal is time-independent and identical to a scaled equilibrium absorbance of the sample. Any evolution of the excited-state absorption can be better viewed by eliminating the bleach component from the transient spectra through the addition of a scaled equilibrium absorption spectrum. 15, 35 The scaling factor represents the fraction of the sample that is photoexcited and is the same for all time delays. Figure 3 shows the estimated time-dependent excited-state spectra after photoexcitation of CytcCN in D 2 O. By fitting the blue wing of the equilibrium spectrum to the 0.3-ps signal in the 2150 -2130 cm -1 spectral range of the bleach signal (see Figure 1(b) ), the smallest possible scaling factor that eliminates negative contribution from the transient spectra was determined to be 0.1. This method may result in an underestimated scaling factor with a relatively large error. The resulting spectra, arising from the molecules that have absorbed a 575 nm photon, show a small decaying absorption band at 2090 cm molecule. The evolution of band 1' shows the typical behavior of a vibrational band of a molecule cooling down (thermal relaxation). 36 Band 1' is initially broader and located at lower energies than the CN fundamental band. The decreasing frequency shift and narrowing band width reflect recovery of the equilibrium temperature of a molecule that initially had a larger vibrational temperature. Similar spectral evolution has been observed after photoexcitation of MbCN by 405-nm photon, where the spectral evolution of band 1' was attributed to heme cooling. 15 The observed frequency shift of band 1' was thought to arise from the relaxation of the anharmonically coupled low-frequency modes that were excited during relaxation process of the photoexcited state. Here we also assigned band 1' to the CN fundamental band in an electronic ground state. 15 Thus, the blue shift and the narrowing of band 1' arise from relaxation of the excited low-frequency modes anharmonically coupled to the CN fundamental. The evolution of band 1' can serve as a thermometer of the vibrational temperature of the molecule. The intensity of band 1' represents the number of CytcCN molecules that have relaxed to the vibrational ground state of the CN stretching in the electronic ground state. As the excited molecule returns to the electronic ground state and all the vibrational modes relax to the equilibrium state, the A p spectrum becomes the same as the A u spectrum, the equilibrium spectrum.
The time-dependent changes in the intensities and peak positions of the two bands are shown in Figure 4 . Both the decay of band 2 and the growth of band 1' show an exponential dynamic with the same time constant of 1.9 ps. The two bands undergo a blue-shift with the same time constant of 2 ps, which is essentially identical to the time constant of intensity change (1.9 ps). Band 2 shifts 2.8 cm -1 and band 1' shifts almost twice as much as band 2 (6.1 cm
). As can be seen in Figure 4 (a), the initial intensity of band 1' is about 40% of the full intensity, suggesting that more than a third of the initially excited molecules are CN -ligated and in the ground electronic state with the excited lowfrequency modes. The full recovery of band 1' is synchronized with the decay of the band, implying that the population of the electronic ground state with the excited low-frequency modes is supplied by the state giving rise to band 2. Whereas growth of intensity represents growth of the population in the state, the shift of band 1' reveals a 2-ps vibrational cooling time for the heme in CytcCN. This is consistent with the value of 3.6 ps reported in MbCN 15 and 3 ± 1 ps obtained by time-resolved anti-Stokes Raman spectroscopy after photolysis of MbCO. 37 Polarization-dependent spectra were obtained by setting the pump polarization parallel and perpendicular to the probe polarization. As shown in Figure 5 , when spectra with a perpendicularly polarized pump and probe were multiplied by a factor of 1.2, they were completely superimposed on spectra with a parallel polarized pump and probe, showing that all the bands in the transient spectra have the same polarization anisotropy independent of the pump-probe delay. Non-decaying polarization anisotropy with time implies that the observed vibrational bands arise from the molecule with negligible rotational motion in 10 ps, the experimental time window here. The same anisotropy polarization for all bands indicates that these bands arise from the same molecule with different energy states or molecules with similar structures. The dissociated ligand, CN -, has much faster rotational time than the bulky CytcCN molecule and, thus, the anisotropy decay for the vibrational band of CN -will be much faster than that of CytcCN. The same anisotropy change throughout the transient spectra suggests that band 2 cannot be assigned to the dissociated ligand. Instead, it likely arises from a ligand bound to the protein, CytcCN. The angle between the transition dipoles has been deduced from the polarization anisotropy of the sample. If the heme is a circular absorber at the pump wavelength, the angle between the CN transition dipole moment and the normal to the heme plane is determined to be 37 o from the observed scale factor 1.2. 38 It is similar to the reported value of 30 ± 8 o for MbCN, 15 but is much larger than the value of 15 o obtained from the equilibrium structure of CytcCN in a solution determined by NMR. 23 The precise angle can be determined when the polarization anisotropy is measured in the limit of zero pump-induced change using perfect polarizers. [39] [40] [41] An imperfect polarizer and finite photoexcitation tend to underestimate the polarization anisotropy and thus overestimate the angle. The thermal motion of CN as well as the deviation of the heme planarity also contributes to the reduction of the polarization anisotropy. Therefore, the estimated angle from the polarization anisotropy is an upper limit. 40 As discussed above, the anisotropy measurement excludes the possibility that band 2 arises from the dissociated ligand. Since band 2 is 27 cm -1 red-shifted from the CN fundamental mode that is very similar to the anharmonicity of the , it can be assigned to the hot CN stretching band of CytcCN. However, the fast decay of band 2 requires an ultrafast vibrational relaxation time of < 1 ps. 15 Furthermore, since band 2 is 3.3 times weaker than the bleach, only a fraction of the excited molecules are in a v = 1 state of the electronically ground state and about 77% of them are in IR-inactive state(s). The vibrational relaxation time from v = 1 to v = 0 in the CN -in water was reported to be 28 -120 ps. 42 The vibrational relaxation time of the CN stretching mode in the heme bound CN has not been measured, but recent nonequilibrium MD simulation estimated that the relaxation time is hundreds of ps in MbCN. 26 Thus, it is unlikely that band 2 is a hot CN stretching band of CytcCN. As suggested in MbCN, experimentally and theoretically, 15, 26 band 2 likely arises from CN stretching in the electronically excited state, where the CN bond is slightly weakened and its extinction coefficient is lowered.
Clearly, photo-deligation of CytcCN by a 575-nm photon is highly inefficient. Inefficient photo-deligation of CytcCN and MbCN suggests that ferric heme-bound CN -is not photo-labile, which is a stark contrast to a ferrous heme-bound neutral ligand. Photolysis experiment on other anion-bound ferric hemes is under progress to determine whether inefficient photo-deligation is a general property of anion-bound ferric heme.
In conclusion, after Q-band excitation, photoexcited CytcCN undergoes ultrafast radiationless relaxation without photo-deligation. The photoexcited molecule relaxes via an electronically excited state where the CN bond is weakened about 6% and its extinction coefficient is significantly lowered. As is the case in MbCN, photodissociation of CN -from CytcCN is also unlikely.
Photo-inertness appears to be a general property of CN --ligated ferric heme.
